A self-strengthening methacrylate-based dental adhesive system was developed by introducing an epoxy cyclohexyl trimethoxysilane (TS) which contains both epoxy and methoxysilyl functional groups. The experimental formulation, HEMA/BisGMA/TS (22.5/27.5/50, wt%), was polymerized by visible-light. Realtime Fourier transform infrared spectroscopy (FTIR) was used to investigate in situ the free radical polymerization of methacrylate, ring-opening cationic polymerization of epoxy, and photoacid-induced sol-gel reactions. Among the three simultaneous reactions, the reaction rate of the free radical polymerization was the highest and the hydrolysis/condensation rate was the lowest. With 40 s-irradiation, the degrees of conversion of the double bond and epoxy groups at 600 s were 73.2 AE 1.2%, 87.9 AE 2.4%, respectively. Hydrolysis of the methoxysilyl group was initially <5%, and increased gradually to about 50% after 48 h dark storage. Photoacids generated through the visible-light-induced reaction were effective in catalyzing both epoxy ring-opening polymerization and methoxysilyl sol-gel reaction. The mechanical properties of copolymers made with TS concentrations from 5 to 35 wt% were obtained using dynamic mechanical analysis (DMA). In wet conditions, the storage moduli at 70 C and glass transition temperature were significantly higher than that of the control (p < 0.05); these properties increased with TS concentration and storage time. The post reaction of hydrolysis/condensation of alkoxysilane could provide persistent strengthening whether in a neutral or acidic environment and these characteristics could lead to enhanced mechanical properties in the oral environment. The cumulative amount of leached species decreased significantly in the TS-containing copolymers. These results provide valuable information for the development of dental adhesives with reduced leaching of methacrylate monomers and enhanced mechanical properties under the wet, oral environment.
Introduction
The oral environment has been broadly described as an aqueous medium that experiences both pH and temperature uctua-tions.
1 Under ideal conditions, restorative materials, such as dental adhesives, would not degrade in the oral environment, but results from numerous investigations provide evidence of chemical and enzymatic breakdown of methacrylate-based dental adhesives in oral uids. [2] [3] [4] [5] [6] [7] [8] The degradation is prompted by water which inltrates the resin and provokes chemical hydrolysis of ester bonds in polymethacrylate-based materials. The rate of this reaction is fast or slow depending on the type of chemical bond, pH, and water uptake. 9 In general, the hydrolysis reaction is expected to be relatively slow at the neutral pH typical of saliva, but excursions in pH caused by foods or cariogenic bacteria may lead to transient acid or base catalysis. 10 Local domains of the polymethacrylate networks may become sufficiently degraded and/or hydrophilic to permit access by esterases, which will accelerate ester bond hydrolysis. 11, 12 As a whole, the ester bonds within the polymethacrylate-based network are vulnerable to two forms of hydrolytic attack: (1) chemical hydrolysis catalyzed by acids or bases, and (2) enzymatic hydrolysis catalyzed by salivary enzymes, particularly esterases. 5 The degradation of dental adhesives has been an area of intense investigation and considerable attention has been directed towards reliable damage prediction and property degradation models. [13] [14] [15] [16] [17] [18] In spite of this effort, detecting adhesive damage in situ is difficult. It is even more difficult to repair the adhesive because the damage oen occurs at sites within the restoration, e.g. at the interface with the dentin substrate or the composite material, that are largely inaccessible for external repair by a dentist.
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Scientists have proposed self-repair or self-healing resin as a mechanism for increasing the clinical lifetime of resin-based Our group investigated the polymerization behavior and mechanical properties of dental adhesive copolymers prepared by dual polymerization via visible-light irradiation. 26 A limited photoacid-induced sol-gel reaction was observed during visible-light irradiation and the prepared copolymers showed an autonomic self-strengthening characteristic in wet conditions.
Photoacids can catalyze the sol-gel reaction of alkoxysilyl groups and can also initiate the polymerization of oxirane groups. In contrast to free radical photopolymerization, cationic polymerization is not inhibited by oxygen, and unlike free radicals, the cationic centers are not reactive towards one another. Hence they have much longer lifetimes, which promotes curing in dark conditions. Silorane-based composite has been developed and the polyether structure exhibits strong mechanical and thermal properties, chemical resistance, and low shrinkage compared with methacrylate-based materials. 30 , 31 Recently, we have studied the methacrylate/silorane hybrid adhesive systems. 32 The results indicated that the crosslink density of dental adhesives was improved with the addition of silorane monomers, and the degree of conversion of epoxy groups was affected by the number of functionalities. 33 Despite these developments, with the elongation of storage time in wet conditions, the mechanical properties of the copolymers were maintained or showed a gradual decrease.
Our research group recently incorporated g-methacryloxypropyltrimethoxysilane (MPS) into the dental adhesive formulation and explored the visible-light induced photoacidcatalyzed sol-gel reaction. 26 During photopolymerization, MPS was mainly incorporated into the polymer backbone and the methoxysilyl groups acted as pendent functions. When the copolymers were stored in wet conditions, the pendent groups would react with each other and new covalent bonds (Si-O-Si) were generated via hydrolysis and condensation reactions. The mechanical properties of the newly developed copolymer showed self-strengthening characteristics whether in neutral or acidic wet conditions. The self-strengthening dental adhesive system is still in its infancy and the relationship between the components and the repair process are not clear. The lack of understanding prompted us to more closely examine the visible-light induced triple polymerization behavior of the dental adhesive system containing C]C double bond, epoxy, and trialkoxysilyl functional groups. In the rst part of the present study, we focus on the triple polymerization kinetics using real-time Fourier transform infrared spectroscopy (FTIR). In our case, a competition is likely to occur between the sol-gel reactions involving the alkoxysilyl groups and the epoxy ring-opening cationic polymerization. In the second part of this investigation, attention is focused on understanding the effect of storage medium and time on the intrinsic self-strengthening and self-repair processes. 
Experimental

Preparation of adhesive formulations
Neat methacrylate monomer mixture was made by combining 45 wt% HEMA and 55 wt% BisGMA. This mixture was used as the control (C0). 34, 35 CQ, EDMAB, and DPIHP, at 0.5 wt% with respect to the total amount of monomers, were used as the photoinitiator (PI) system. 34, 35 The composition of the neat resin and the experimental formulations are listed in Table 1 . Mixtures of monomers/PI were prepared in brown glass vials under amber light. The monomers/PI mixtures were stirred overnight at 23 AE 2 C to promote complete dissolution and formation of a homogeneous solution.
Specimens preparation
The prepared resins were injected into a glass-tubing mold (Fiber Optic Center, Inc., part no. ST8100, New Bedford, MA) and light-cured for 40 s at 23 AE 2 C with an LED light curing unit (LED Curebox, 100 mW cm À2 irradiance, Proto-tech, Portland, OR). The polymerized samples were stored in the dark at 23 AE 2 C for at least 48 h before being used. The resultant rectangular beam specimens of cross section 1 mm Â 1 mm and length 15 mm were used to determine dynamic mechanical properties.
Real-time conversion and maximum polymerization rate
The degree of conversion (DC) and polymerization behavior were determined by FTIR as described previously. [35] [36] [37] Real-time, in situ, monitoring of the photopolymerization behavior of the adhesive formulations was performed using an infrared spectrometer (Spectrum 400 Fourier transform infrared spectrophotometer, Perkin-Elmer, Waltham, MA) at a resolution of 4 cm À1 . A time-based spectrum collector (Spectrum TimeBase, Perkin-Elmer) was used for continuous and automatic collection of spectra during polymerization. A minimum of three measurements (n ¼ 3) were carried out for each adhesive formulation. Methacrylic double bond conversion was monitored by the band ratio prole-1637 cm À1 (C]C)/1608 cm À1 (phenyl). Epoxy group conversion was followed by monitoring the intensity of the peak at 884 cm À1 . 32 The calculation method to get the epoxy group conversion was used based on the published paper. [38] [39] [40] [41] The degree of hydrolysis was monitored by the band ratio prole-2840 cm À1 (n sym (-SiOCH 3 ))/1608 cm 
Dynamic mechanical analysis (DMA)
In the current work, DMA tests were performed using a TA instruments Q800 DMA (TA Instruments, New Castle, USA) with a three-point bending clamp. The dynamic mechanical properties of polymethacrylate-based dental adhesives have been described previously.
36 Rectangular beam specimens were used for DMA measurements and a minimum of three specimens were tested for each formulation. For wet testing, specimens were rst submerged in water or 0.1 M LA solution at 37 C for 1, 4, and 8 weeks, and tests were obtained using the three-point submersion clamp. 42 The test temperature was varied from 10 to 75 C with a ramping rate of 1.5 C min À1 . For dry testing, the following testing parameters were used: displacement amplitude of 15 mm, frequency of 1 Hz and preload force of 0.01 N.
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In addition to this, temperature was ramped at the rate of 3 C min À1 from 20 to 200 C. The glass transition temperature (T g )
is determined as the position of the maximum peak on the tan d versus temperature plots. To measure the nal mechanical properties the specimens were stored in water or LA solution for 8 weeks, the hydrated specimens were dried in a vacuum oven in the presence of freshly dried silica gel at 37 C. The samples were removed every 24 hours to determine the weight. This process was continued until a constant mass was recorded. Then, the mechanical properties were determined using the method described above. Static or monotonic tests were performed on dental adhesives in wet conditions to obtain the stress-strain curves. During the static tests, load was increased at a constant rate until the sample ruptured. A minimum of four specimens for each formulation were tested with 0.1 N min À1 loading rate at 37 C. 44 One group of the copolymer specimens, which were soaked in water at 37 C for 1 week, was used as the control. The other two groups of copolymer samples were rst soaked in a solution of ethanol and 1 M LA aqueous solution (1 : 1, v/v) at 37 C for 1 and 3 weeks, respectively. Then the specimens were transferred into greater volume of water at 37 C for 3 days, to replace the absorbed ethanol and LA. The elastic modulus was calculated based on the maximum slope of the linear region of the stress-strain curve. species in the extracts. The concentration was based on the intensity of the chromatographic peaks at the corresponding retention time. The HPLC analysis was performed using the extract of 3 samples for each formulation. 
Statistical analysis
The results were analyzed statistically using one-way analysis of variance (ANOVA), together with Tukey's test at a ¼ 0.05 (Origin Version 9.1, OriginLab Corp., Northampton, MA) to identify signicant differences in the means.
Results
The chemical structures of monomers used in the present study are illustrated in Scheme 1. A three-component photoinitiator system 34, 35 was used to initiate the polymerization of methacrylate monomers (HEMA and BisGMA) and epoxy functional silane (TS).
Real-time photopolymerization kinetic behaviors of the control and experimental formulations are shown in Fig. 1 and the DC and maximum polymerization rate are summarized in Table 1 . With the increase of TS concentration from 5 to 50 wt%, the DC (600 s) was signicantly higher than that of the control (64.8 AE 0.2%) at the 0.05 level. The highest DC (78.8 AE 0.9%) was observed at a TS concentration of 20 wt%. The maximum polymerization rates (C]C bond) of the experimental formulations were signicantly lower than the control (p < 0.05), with the exception of the formulation at 5 wt% TS (see Table 1 ). Fig. 2 shows the characteristic peaks of FTIR spectra of HBT-50 formulation before and aer visible-light irradiation. The hydrolysis of methoxyl (2840 cm À1 , -SiOCH 3 ) group was observed through the disappearance of the CH 3 -O symmetric stretch band. Meanwhile, the intensity of the large band around 3400 cm À1 (hydrogen bond OH stretching mode) increased gradually and the maximum peaks moved from 3450 to 3350 cm À1 and the peak at 900 cm À1 (Si-OH stretching vibration mode) was visible with time. These results indicated that the hydrolysis step of the sol-gel reaction occurred with storage time. In accordance with the condensation reaction, a broad peak with a maximum at $1025 cm À1 , assigned to the Si-O-Si asymmetric stretching mode, was noticed, which is a characteristic of silica network formation. At the same time, the gradual broadening of peak at 1720 cm À1 and elevated at 1637 cm À1 were attributed to increasing water concentration in the polymers. These results are evidence that the condensation Scheme 1 Chemical structures of monomers used in the formulations and illustration of the triple polymerization mechanism.
This journal is © The Royal Society of Chemistry 2016
reaction between silanol-silanol and/or silanol-hydroxyl groups occurred gradually with storage time. In addition to the free radical promoted cationic ring-opening polymerization,
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a decrease of the band at 884 cm À1 attributed to the epoxy group, was visible in the FTIR spectrum (Fig. 2D ). These results provide evidence that epoxy ring-opening occurred concomitantly with the free radical polymerization and sol-gel process. Photoacid is able to initiate the epoxy cationic photopolymerization, leading to the formation of polyether chains. Fig. 3 shows the DMA data of the control and experimental adhesives in dry condition before and aer soaking in water for 8 weeks. The HBT-50 formulation is not shown because the samples were too so to proceed with the DMA test. With the increase in TS concentration from 5 to 35 wt%, the rubbery moduli of unsoaked copolymer specimens increased slightly. The T g showed a decreasing trend and decreased from 146 AE 1.2 (C0) to 107.8 AE 1.4 C (HBT-35). Aer the sample was soaked in water for 8 weeks and dried again, the rubbery modulus and T g were signicantly higher than the control (p < 0.05). T g increased from 156.0 AE 0.7 (C0) to 178 AE 1.5 C (HBT-35). The resulting increase in network density is assumed to have a negative effect on the mobility of side chains, which was also supported by the decreasing maximum intensity of the tan d peaks in Fig. 3E and F. From the derivative storage modulus curves of un-soaked specimens (Fig. 3C) , with the increase of TS concentration from 0 to 35 wt%, the phenomena of the rst transition temperature remained similar ($85 C with HBT-35 the exception). The secondary transition peak gradually moved to lower temperature (from $128 to $80 C), indirectly indicating that chains of experimental copolymers possessed higher mobility than that of the control. However, for the samples soaked in water for 8 weeks, the rst transition peaks 4 shows the mechanical properties of the control and experimental adhesive copolymers soaked in water at 37 C for 1, 4, and 8 weeks. These data are summarized in Table 2 . With the increase in storage time in water from 1 to 8 weeks, the storage modulus of the control at 70 C increased from about 270 to 315 MPa, and the glass transition temperature increased about 3 C, from 59.4 to 62.3 C. Excluding the HBT-5 sample, the storage modulus of experimental specimens at 37 C was signicantly lower than that of the control (p < 0.05). The modulus at 70 C was, however, signicantly higher than the control (p < 0.05). Aer 8 weeks in water, the storage modulus at 70 C of the sample with 20 wt% TS showed a maximum of nearly 1 GPa. T g increased with TS concentration and storage time, and was higher than that of the control. Fig. 5 shows the mechanical properties of the control and experimental adhesive copolymers soaked in 0.1 M LA solution at 37 C for 1, 4, and 8 weeks, respectively. These data are summarized in Table 3 . With the increase of storage time in acidic solution from 1 to 8 weeks, the storage modulus of the control at 70 C increased from about 226 to 264 MPa, and the glass transition temperature increased about 3 C, from 59.4 to 62.8 C. The storage moduli of the experimental formulations at Table 4 . The slopes of a Same superscript letters in the same storage time group indicates no signicant differences between each other (p < 0.05).
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the linear region of the curves are dened as the modulus of elasticity (E). When the specimens were soaked in water for 1 week, the E of experimental was signicantly lower than that of the C0 (p < 0.05). When the specimens were soaked in LA/EtOH solution for 1 or 3 weeks, the mean E of the experimental formulation was not signicantly different from the C0 (p < 0.05), with the exception of the 35 wt% TS samples. The mean E of the C0 formulations was similar regardless of storage medium (water or LA/EtOH) or storage time (1 or 3 weeks).
Meanwhile, the mean E of the experimental specimens, soaked in LA/EtOH, were signicantly higher than that of samples stored in water (p < 0.05). When TS concentration was 5-20 wt%, the failure strain of experimental was comparable with that of the control (p < 0.05). In the same row indicates the mean is signicantly different compared with the control (the value of water-1w used as the controls, p < 0.05), and with different superscript letter (b or c) indicates that the means difference in the same row is signicant with each other (p < 0.05).
c In the same row indicates the mean is signicantly different compared with the control (the value of water-1w used as the controls, p < 0.05), and with different superscript letter (b or c) indicates that the means difference in the same row is signicant with each other (p < 0.05). 
HEMA decreased from 1187
Discussion
Photoacid-induced or -catalyzed sol-gel reaction is now recognized as a powerful synthetic approach to prepare silica-based hybrid materials. 27, 45 In photoacid-catalyzed sol-gel reactions, the onium salts are crucial to the generation of the Brønsted acid, which can catalyze the hydrolysis and condensation of alkoxysilyl moieties through formation of silanol functions and their subsequent condensation. The iodonium salt cannot, however, be directly decomposed under visible light irradiation. The iodonium salt can be decomposed through redox reaction with the amine free radicals which generate phenyl free radicals and Brønsted acids. [46] [47] [48] [49] The initiation mechanism triggered by visible light irradiation and the polymerization mechanisms are also demonstrated in Scheme 1. The Brønsted acid has been used to initiate the cationic polymerization of epoxy or vinyl ether monomers to prepare interpenetrating polymer network (IPN) structure. 32, 33, 49 Here, the generated photoacid is utilized to catalyze the sol-gel reaction of the methoxysilyl function and initiate the cationic ring-opening polymerization of the epoxide group. In our previous work, the dual polymerization mechanism (free radical polymerization and photoacid-induced solgel reaction) has been shown to work for the preparation of selfstrengthening adhesive. 26 The current investigation, which also utilizes the epoxy function, determined the effect of the triple polymerization mechanism on the network structure and mechanical properties of dental adhesive.
Real-time FTIR is not only useful for monitoring the absorbance band of the C]C double bond but also for monitoring the progress of cationic polymerization and sol-gel reactions initiated by the visible-light generated photoacid. In the present study, when TS concentration was lower than 35 wt%, the signal of n sym (-SiOCH 3 ) was overlapping with that n sym (-CH 2 ) of methacrylate in the FTIR spectra. To clearly show the variation of different functions before and aer irradiation, 50 wt% TS (HBT-50) formulation was used to quantitatively characterize the triple polymerization reaction. The free radical photopolymerization behavior of methacrylate has been widely reported by several groups. [50] [51] [52] [53] [54] [55] [56] The band ratio prole of 1637 cm À1 (C]C)/1608 cm À1 (phenyl) was used to monitor the conversion of C]C double bond. In the present study, the DC (double bond) of experimental was signicantly higher than the control and reached a maximum value when TS was 20 wt%. This result indicated that the C]C double bond was efficiently polymerized in the presence of the TS monomer. At the same time, conversion of the methoxysilyl group (stretching band at 2840 cm À1 ) is the rst indication of the hydrolysis. The evolution of the OH stretching intensity may give insight into the silanol (Si-OH) concentration aer visible-light irradiation. From Fig. 2B , with the elongation of storage time to 24 h, the intensity of methoxy at 2840 cm À1 decreased with the intensity of OH around 3400 cm
À1
. It should be noted that this latter band is not totally selective of silanol functions as it was also affected by other hydroxylated molecules: HEMA, H 2 O or methanol (released during the photoacid-induced sol-gel reaction). From Fig. 2D , the intensity of the characteristic peak of epoxy function at 884 cm À1 decreased during 40 s irradiation and continued to decrease with time. Due to the formation of silanol, the intensity of its characteristic peak at 900 cm
gradually increased and overlapped with the epoxy peak, it was therefore hard to quantitatively determine the conversion of the epoxy group. One interesting feature concerns the discrepancy between the free radical polymerization (C]C bond), sol-gel (methoxysilyl) and cationic (epoxy ring-opening) reaction kinetics of HBT-50 formulation. Aer 40 s irradiation, the hydrolysis of methoxysilyl has barely started (<5%), whereas the C]C double bond conversion has reached about 60%, and the conversion of epoxy about 50%. Comparing the downward trend of 2840 and 884 cm À1 before and aer light-irradiation, it can be inferred that the cationic polymerization rate was faster than the sol-gel reaction. This result indicated that the protons trapped in the polymethacrylate-based network can efficiently catalyze the epoxy ring-opening polymerization and sol-gel reaction aer the visible light was turned off. At the same time, the photoacidinduced sol-gel reaction can be further affirmed by the mass change before and aer storage in vacuum oven (due to the evaporation of generated volatile small molecules, such as methanol and water) and also by the DMA data (see ESI Fig. 2  and 3 †) . DMA data provide information on the relaxation of molecular motions, which are sensitive to the polymer network structure. In this study, the DMA tests were carried out using both standard 3-point bending (for dry condition test) and 3-point bending submersion methods (for wet condition test). In dry conditions, these tests give the bulk mechanical properties of adhesive copolymer while the results acquired in wet conditions are more representative of the copolymer behavior in the oral environment.
Storage modulus denes the energy stored elastically in the materials. 57 The storage moduli of commercial dental adhesives ranged from 2-6 GPa at 25 C in dry conditions. 58 In the present study, storage moduli of the control and experimental copolymers were 3.5-4.5 GPa except HBT-35. The storage moduli of the control and experimental copolymers were generally comparable with the storage moduli reported for commercial dental adhesives. With the increase in TS concentration from 5 to 35 wt%, the storage modulus at 37 C and rubbery moduli (Fig. 3A) were comparable or slightly higher than that of the control. However, the T g (Fig. 3C ) is signicantly lower than that of the control (p < 0.05). There are three main reasons: with the increase in TS concentration, (i) number of Si-O-Si bonds generated from photoacid-induced sol-gel reaction increases; (ii) the concentration of crosslinker BisGMA decreases from 55 to 27.5 wt%; and (iii) number of linear polyether chains formed from the epoxy ring-opening cationic polymerization increases. In dental adhesives, crosslinked copolymers have been shown to exhibit better physico-mechanical strength than linear copolymers. 59, 60 With the decrease in BisGMA concentration, the crosslinking density of the polymethacrylate-based network decreases. However, photoacids were able to initiate the hydrolysis and condensation reaction of methoxysilyl groups, leading to the formation of Si-O-Si linear or Si-O-C crosslinked structures. All in all, the slightly increased rubbery modulus suggested that a highly crosslinked network was obtained in the experimental copolymers.
In the early 1980s, Penczek and Kubisa discovered that the addition of alcohols during the cationic polymerization of oxirane monomers caused the occurrence of the "activated monomer" (AM) propagation mechanism. 61, 62 In the AM mechanism, reaction of the protonated cyclic ether with the hydroxyl group containing compounds leads to ring-opening that reforms the hydroxyl group, which can affect the network structure of the polymer. [63] [64] [65] In the present study, in excess of hydroxyl-containing methacrylate monomers (HEMA and BisGMA) and one epoxy function in TS, the cationic polymerization is better viewed as a transfer reaction affording short and non-crosslinked polyether chains. With the increase in TS concentration, the crosslinking density of polymethacrylatebased network decreased while the number and length of polyether chains increased. The result was a concomitant decrease in the glass transition temperature.
Conversely, when all of the samples were soaked in water for 8 weeks and dried again, the storage modulus at 37 C showed no signicant difference from the control (p < 0.05). Also the rubbery modulus and T g of experimental formulations were signicantly higher than that of the control (p < 0.05). These differences may be attributed to the following: rst, most of the leachates (such as unpolymerized monomers, hydrophilic oligomers, methanol, etc.) have been removed during the aqueous storage. 14,66 Secondly, the pendant C]C double bonds are further polymerized and nally, due to the continuance of the sol-gel reaction in wet conditions, a highly cross-linked network structure was obtained. From the full width at half maximum (FWHM) versus temperature plots (see ESI Fig. 4 †) , it can be observed that the experimental formulation with 10-15 wt% TS showed the lowest FWHM, which indicated the network became more homogeneous aer storage in the wet environment.
The three-point bending water-submersion clamp method used in this work is expected to simulate the wet environment of the mouth. Increasing the storage time in aqueous media from 1 to 8 weeks provided the opportunity to gain insight regarding the autonomic self-strengthening process. With the increase in storage time, the storage modulus values of the control are similar about 270-315 MPa and the T g increased by only 3 C.
When the samples were soaked in water, the water penetrates the network and the mobility of polymer chains is enhanced. The "trapped" free radical can further initiate the un-reacted C]C double bond which leads to a slight improvement in the crosslink density, and the T g value shis to higher temperature. With the exception of the samples containing 5 wt% TS, the storage modulus values of the experimental formulations at 70 C were signicantly higher than that of the control (p < 0.05).
The storage modulus increased with storage time and reached maximum value (nearly 1 GPa) aer 8 weeks when the TS concentration was between 15 and 20 wt%. With the addition of TS in the formulations, the "trapped" strong photo-generated Brønsted acid was efficient at driving the sol-gel reaction in wet conditions. The gradually formed Si-O-Si or Si-O-C bonds signicantly improved the physico-mechanical strength.
To assess the resistance of the formulations to hydrolytic degradation, the properties were determined following specimen storage in low pH media. 67, 68 There is limited evidence to support signicant degradation of dental adhesives at low pH. 10, 69 Results suggest that the degradation of resin-based dental materials occurs at similar rates in water, articial saliva and in neutral to slightly low pH media.
1 In our previous report, 1 mM lactic acid solution (LA, pH ¼ 3.50/25 C) was used to accelerate the degradation of HEMA/BisGMA copolymer. Under these conditions, the DMA results indicated that the mechanical properties of the control exhibited good stability.
26
To accelerate the degradation of dental adhesive, 0.1 M LA solution (pH ¼ 2.4/25 C) was used as the storage solution. The storage modulus of the control in LA solution was slight lower than that in water (Tables 2 and 3 ). The storage modulus of the control at 70 C decreased about 15%. This may be attributed to gradual degradation of the polymethacrylate-based network in acidic solution.
In an acidic environment (pH ¼ 2.4/25 C), the silanol species were likely protonated and the hydrolysis rate of methoxysilyl groups was fast. At the same time, the condensation rate was relatively slow when compared with the neutral conditions, 70 which was prone to the formation of branched structure (lower crosslink density region). Aer 8 weeks storage in 0.1 M LA solution, the lower storage modulus at 70 C with 5, 10, or 15 wt% TS, compared with that of samples stored in water, supported the formation of branched structure in acidic environment. However, the results appeared contradictory when the TS concentration was over 20 wt%, i.e. higher storage modulus at 70 C in LA solution. In actuality, with the increase in TS concentration, the amount of unpolymerized epoxy function and the number of silanol groups increased. The higher concentration of silanol groups promote the sol-gel reaction and the epoxy ring-opening reaction, which contributed to the crosslink density. For the experimental formulations stored in acidic solution, the mechanical properties of polymethacrylate-based networks showed a slight decrease, but the newly formed Si-O-Si and/or Si-O-C bonds led to increased crosslink density and there was a gradual improvement in the mechanical properties of the hybrid copolymers.
To further investigate the effect of the self-strengthening process on the mechanical properties of the copolymers, we have performed monotonic stress-strain on the control and experimental formulations in wet conditions. When the samples were soaked in water for 1 week, the modulus of elasticity (E) of experimental formulation was signicantly lower than that of the C0 (p < 0.05). Aer soaking in acidic solution for 1 week, the E values of the experimental were comparable with that of the C0. Due to pH dependence of hydrolysis, condensation, and depolymerization, at low pH (<3), the depolymerization rate decreased over 4 orders of magnitude, while the rate of condensation was low with respect to the rate of hydrolysis.
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Under these conditions, TS monomer may undergo essentially irreversible condensation, which improves the crosslink density of the network. It is apparent in Table 4 , with the exception of samples containing TS concentration >20 wt%, the E of the experimental specimen soaked in LA/EtOH for 3 weeks was signicantly higher than those samples soaked for 1 week (p < 0.05). When TS is 5-15 wt%, the failure strain is comparable to that of the control (data not published). However, by further increasing TS concentration to 20 or 35 wt%, the specimens became brittle aer soaking in acidic solution (failure strain was less than 4% for sample with 35 wt% TS). These results indirectly support the formation of a highly crosslinked network structure.
It is conceivable that under clinical conditions with limited polymerization of the dental adhesive there could be signicant leaching of monomers, such as HEMA, into the surrounding tissues. This is concerning since in vitro investigations report that HEMA can induce apoptosis, interfere with DNA synthesis and the production of reactive oxygen species (ROS). [71] [72] [73] [74] [75] In addition, low concentrations of HEMA can interfere signi-cantly with the expression of type I collagen by gingival bro-blasts.
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In the present study, HPLC results indicated considerable leaching of both HEMA (13.2 wt%) and BisGMA (6.2 wt%) from the control formulation. With the increase of TS concentration, the amount of both HEMA and BisGMA that was leached from the polymer decreased signicantly, especially when the TS concentration was 35 wt%. Factors contributing to the differences in leachates include the higher DC of C]C bond in the experimental formulations. The most important reason is related to the epoxy ring-opening polymerization and photoacid induced sol-gel reactions. The epoxy groups could react with the hydroxyl groups of HEMA or BisGMA and covalently bond the epoxide network to the polymethacrylate network. Meanwhile, the condensation reaction between the silanol/silanol or silanol/hydroxyl groups of HEMA/BisGMA further inhibited leaching of these species. In our previous study using MPScontaining copolymers, when the MPS concentration was 10 wt%, the leached percentages of HEMA and BisGMA were 3.8 and 2.3 wt%. 26 In the present study, the leached percentages of HEMA and BisGMA from the copolymer with 10 wt% TS were 1.8 and 1.8 wt%, respectively. The molar concentration of MPS and TS in the formulation was similar (molecular weights of MPS and TS are 248.35 and 246.38 g mol À1 ). The lower leached percentage in TS-containing copolymer was mainly attributed to the epoxy ring-opening reaction with hydroxyl groups. Meanwhile, it can be observed that the release rates of HEMA/BisGMA in experimental samples were decreased according to the increase in the TS concentration. Both the epoxy ring-opening and the sol-gel reaction are benecial in terms of enhancing the crosslink density and reducing the leaching of HEMA and BisGMA. A schematic illustration of the hybrid network structure aer light irradiation is given in Scheme 2. It is usually reported that the curing time is in the range of 30-60 seconds for dental resin polymerization.
77-80 We used 40 s for this in vitro study to insure that the different resin formulations could polymerize well. Since the curing time, light source and energy were consistent for all of the formulations, the curing time should not be a major factor inuencing the structure and properties of the cured polymers. The concentration of TS monomer in the formulation should be a major factor. Based on the FTIR results, the rate of free radical polymerization is the fastest and the photoacid-induced hydrolysis-condensation is the slowest. When the liquid resin is irradiated by visible-light, the polymethacrylate-based matrix network is formed rst by free radical cross-linking polymerization of methacrylate monomers (HEMA and BisGMA). Simultaneously, the generated photoacids can catalyze the epoxy ring-opening polymerization and polyether chains are obtained. Due to the excess amount of hydroxyl groups (HEMA and BisGMA), most of the polyether chains are graed onto the polymethacrylate chains via the AM mechanism.
61, 62 The degree of hydrolysis and condensation of methoxysilyl groups (<5%) is very limited during 40 s light-irradiation. Aer 24 h storage, the newly formed Si-O-Si covalent bonds are limited. The similar rubbery modulus obtained from the DMA in dry conditions (Fig. 3A) supported this proposed mechanism. When the specimens are soaked in water, the mobility of the backbone and side chains is improved due to the plasticizing effect of water. As a result of the increased mobility the opportunity for condensation between silanol groups or ring-opening reactions between the unpolymerized epoxy and silanol groups is enhanced. In summary, the copolymers containing TS showed higher crosslink density aer storage in wet conditions.
The self-strengthening hybrid system developed here offers additional opportunities to integrate biological motifs into adhesive design. Biomolecular assisted design of hybrid interfaces that can be coupled into the polymerization scheme may further extend the capabilities of these promising systems. For example, biomolecules may be integrated with the polymeric networks to metabolize the volatile small molecules produced during the photoacid-induced sol-gel reaction. Biomolecular approaches could be further extended to bring bioactivity to the hybrid system to facilitate the integration of the restorative material-tissue interfaces.
Conclusions
With the introduction of epoxy cyclohexyl trimethoxysilane (TS) containing both epoxy and trimethoxysilyl functional groups, a self-strengthening hybrid system has been developed for potential use as a dental adhesive. During visible-light irradiation, a triple polymerization process occurred; the process included free radical, cationic (epoxy ring-opening) polymerization, and photoacid-induced sol-gel reactions. FTIR was used to access the free radical, cationic, and hydrolysis conversion during and aer light irradiation. In this triple polymerization system, the free radical polymerization rate was the highest and the sol-gel reaction was the slowest. In acidic environments, the fast hydrolysis reaction of methoxysilyl groups and the limited condensation of silanol groups gave rise to the selfstrengthening process, which signicantly improved the mechanical properties, especially in wet conditions. When the TS concentration was 10-20 wt%, the copolymers became more homogeneous and the storage modulus at 70 C reached maximum values. The static stress-strain results indicated that the copolymers with lower TS content (5-15 wt%) were stronger than the control. The HPLC results indicated that the cumulative amounts of leached HEMA and BisGMA were reduced signicantly. The self-strengthening dental adhesive offers promise as a material that is both resistant to degradation and leaching of methacrylate monomers.
